Abstract-A comprehensive facet model for bistatic synthetic aperture radar (Bis-SAR) imagery of dynamic ocean scene is presented in this paper. An efficient facet scattering model is developed to calculate the radar cross section (RCS) of the ocean surface for Bis-SAR firstly. Further more, this facet model is combined with a bistatic velocity bunching (V B) modulation of long ocean waves to obtain the Bis-SAR intensity expression in image plane of ocean scene. The displacement of the scatter elements in the image plane and the degradation of radar resolution in azimuth direction are quantificationally analyzed. Finally, Bis-SAR imagery simulations of ocean surface are illustrated, proving the validity and practicability of the presented algorithms.
INTRODUCTION
Synthetic aperture radar (SAR) has been successfully applied to the remote sensing of rough surface scene, in all weather, day and night. Over the ocean scene, it is influenced by varying surface winds, waves and currents, as well as the presence of surface material and oil spill. Many methodologies have been developed to depicture this field [1] [2] [3] [4] [5] [6] [7] . Due to technical limits, the maturely and extensively used SAR systems are the monostatic SAR (Mon-SAR) systems. However, Bis-SAR system can offer extra information of ocean scene compared with the Mon-SAR system for its unique geometry. In recent years, some key technologies in the Bis-SAR system such as the phase and time synchronization, location techniques are improved rapidly [8, 9] . Therefore, the application of Bis-SAR system and multistatic SAR (Mul-SAR) system on ocean scene has been more and more attention [10] [11] [12] [13] [14] [15] [16] .
As we know, Bragg scattering plays a dominant role in backscattering for moderate wind speeds and incident angles away from nadir and grazing. Attempts have been made for decades to build an unified theory that can overwhelm most of the issues associated to the radar scattered estimation on ocean surface. The two-scale theory, under which the Bragg scattering contributions of the small ripples are tilted by the large scale components, has always been the most popular approach since it was introduced [17] [18] [19] [20] [21] [22] [23] . The essence of this approach is the theoretical division of the real surface with two types of irregularities: large waves whose radiuses of curvature are great enough for the evaluation by specular point theory, and fine ripples where the perturbation theory dominates. One compositesurface formula was accomplished by Valenzuela [19] . In this model, the ocean waves are assumed to be composed of an infinite number of slightly rough facets. And the net back-scattered power density is an average of the backscattered power from a single slightly rough facet over the distribution of slopes of the dominant ocean waves. This local fluctuation is an useful feature and desirable in ocean SAR imaging model as the mean SAR image may be represented simply as an appropriate superposition of the individual returns from separate surface facets [5, 24] . Alpers et al. discussed the Mon-SAR imaging mechanism based on this "facet-based" surface scattering models and the V B modulations of ocean wave motions [25] . For his model in addition to the local incident modulation, the orbital motion of the water particles associated with the long ocean surface waves can also play an important role in the image formation, which leads to a nonuniform displacement of the scattering elements in the image plane, called V B modulation. This is the imaging mechanism of ocean scene caused by varying velocities of the ocean wave elements. And a theoretical model is developed to relate ocean wave spectra to SAR image spectra of one dimensional monochromatic ocean waves [26] . His simulations reveal the basic features of the SAR imaging mechanism: If the nonlinearity of the imaging is sufficiently strong, the average velocity bunching parameter is suitable for characterizing the degree of nonlinearity. The amount of the azimuth shift of the spectral peak depends on the wave velocity, SAR integration time, and the width of ocean wave spectrum, etc.. Further more, a two-dimensional Monte-Carlo simulation has been applied in a comparison study of ocean wave spectra measured with a buoy and SAR image spectra obtained over the North Sea during the Shuttle Imaging Radar-B (SIR-B) mission [27] . This model explores the most striking characteristic of SAR wave images for two-dimensional ocean waves: the pronounced asymmetries observed between the imaging of range and azimuthally traveling waves. However, there rarely any papers on the correct understanding of V B modulation of this special and important mechanism for ocean SAR in bistatic case. So it is necessary to do some exploration in this field, which can provide a theoretical basis for applied research and system design of ocean Bis-SAR system. This paper is to build an effective model for Bis-SAR imaging of two-dimensional ocean scene. Actually there are two primary steps to consider the Bis-SAR imagery mechanism of the dynamic ocean scene: First, to calculate the RCS of ocean scene for Bis-SAR; Second, to map the two-dimensional distribution of RCS into an image intensity distribution based on V B model. For the first step, it is recognized that the wave-facet model is an effective model to calculate the backscattering radar cross section (RCS) of the ocean scene in general incidents [19] . However, it is not applicable to analyze the bistatic scattering properties of the facet modeling by means of the Bragg phenomena. And the V B modulation on RCS must be taken into account to obtain the RCS of ocean scene for Bis-SAR. In our opinion, this model needs some improvement. So a more comprehensive facet model is proposed in this paper to describe the bistaitc scattering configurations of ocean scene. Further more, a V B modulation function is induced to obtain the RCS of ocean for Bis-SAR. On the other hand, Bis-SAR data are often azimuth variant, because both the transmitter and the receiver have different motion trajectories and ocean waves move in range direction. So, for the second step, the Bis-SAR intensity expression in image plane of ocean is derived based on the geometry of Bis-SAR for ocean scene. It quantitatively describes the offset of target location in azimuth direction and the decline of the azimuth resolution. The Bis-SAR imagery of maritime scene is generated by an appropriate processing algorithm. Finally the perfect Bis-SAR simulation results are obtained, to prove the validity and practicability of the presented algorithm. This paper begins by indicating how the two-dimensional Bis-SAR cross section distribution is mapped into an image intensity distribution based on V B model in Section. 2. Section. 3 introduces the scattering mechanism of ocean surface for Bis-SAR. Section. 4 presents the concrete models and Bis-SAR imagery results. 
MAPPING FUNCTION FROM RCS DISTRIBUTION TO IMAGE INTENSITY DISTRIBUTION FOR BIS-SAR
The Bis-SAR geometry is shown in Fig. 1 . Let assume a moving target P (x 0 , y 0 ) at the ocean surface whose location relative to the transmitter and receiver is given by the distance R Tcen and R Rcen respectively at the beam center crossing time. Considering the motion of the target, the return signal is given as the follow.
where, τ is the range time and t is the azimuth time, p (·) is the wide bandwidth encoded signal, γ (t, x 0 , y 0 ) is the complex bistatic scattering coefficient of target. R is the instantaneous two-way range of the target.
and R R (t) are the instantaneous range of the stationary target to the transmitter and receiver. ∆R is the changes in range and azimuth of the target position due to the motion of ocean surface. The return signal phase φ (t, y 0 , R) is proportional to R.
where, k e is the wave number of incident wave, ∆φ is the phase perturbation due to the target motions.
where,
θ s − sin θ sqR , k t and k r are the wave vectors of transmitter and receiver. ϕ is the angle between the flight direction and the direction of propagation of the long ocean wave. ϕ v is the angle between the flight direction and the surface current direction, v is the velocity of surface current, a mn (k m , k n ) is proportional to the square root of gravity wave spectral density, k m , k n are the component of sea spectrum along x and y directions,
is the velocity of long ocean wave, whose vertical and horizontal velocity components can be expressed by the double superimposition model (DSM):
The approximating function is taken as a second order polynomial of the form:
where, ϕ 0 is a constant,Ū r T and A r R are the average speed and acceleration of the integration time respectively. Let
one can obtain:
wherein, T is the integration time. The amplitudes of transmitter and receiver antennas are weighted by the Gaussian function. Further more to simplify the calculation, the intensity changes with distance are not considered. The power density in the image plane can be obtained.
where, ρ aN =λN l /V T (
, τ s the scene coherence time, N l is look number, f r (·) the range resolution function, σ (x 0 , y 0 ) denotes the RCS of ocean for Bis-SAR. We know that the true positions of the scattering points and their positions in the image plane are not consistent from Eq. (9) . If let
Then the power density in the image plane can be expressed by:
Because of the periodic non-uniform distribution of the velocity components in range direction, so the distribution of the scattering points in the image are together in some places and sparse in another places, resulting in the distribution of the intensity changes periodically in the image plane. Therefore, Bis-SAR image intensity distribution can be expressed as:
wherein
SCATTERING MECHANISM OF OCEAN SURFACE FOR BIS-SAR
In this paper, we present comprehensive composite-surface facet model (CCSFM) and bistatic V B modulation function to calculate the RCS of Bis-SAR. The Geometry of bistatic scattering for ocean surface is shown in Fig. 2 , where, θ i and φ i is the depression and azimuth angle of incident wave respectively, θ s and φ s is the depression and azimuth angle of scattering wave respectively,n = (n x , n y , n z ) is the unit vector of the facet normal pointing to the air. In terms of the surface elevation z (x, y) associated with the large scale wave field, we havê
n i andn s is the unit vector of incident and scattering waves respectively. Under far field approximation, the expression ofn i and n s are described bŷ
Letv i ,ĥ i are the vertical and horizontal polarization unit vector of incident wave respectively,v s ,ĥ s are the corresponding vertical and horizontal polarization unit vector of scattering wave respectively. They can be expressed as:
When we calculate the oblique effect of large scale ocean waves, the local coordinate system is introduced which is defined as follows:
Then the corresponding unit vectors of horizontal and vertical polarization are defined as: 
E (k bx , k by ) is the spectrum of the short Bragg scattering waves described by [29] , k bx , k by are the wave numbers
The bistatic RCS of real aperture radar can be calculated by Eqs. (19) and (20) . However, when k = k 2 bx + k 2 by → 0, this model is not applicable. Then, it has clear physical grounds to revise the BTSFM by a combination of Kirchhoff Approximation (KA) with BTSFM contributions, which is named CCSFM. In order to apply the facet two-scale Bragg theory, the facet must be large in comparison with the wavelength of the incident radiation in the facet plane, and be sufficiently small as it can still be regarded as a plane. We postulate the discrete facets in proper size, so that CCSFM can be used in the local summation frame for the bistatic RCS of real aperture radar. As shown in Fig. 1 , the flight paths of transmitter and receiver are parallel to the y-axis direction with the same velocity V . Then, under this geometry, k bx , k by is expressed as Figure 4 shows the distribution of RCS by the CCSFM for 5 m/s in HH and V V polarizations respectively. The transmitter depression angle is θ i = 60 • , the receiver depression angle is θ s = 50 • , the squint angle is θ sqT = θ sqR = 30 • , the incident frequency is 14 GHz, the ocean surface is 500 m × 500 m. ϕ = 90 • , it is the angle between the flight direction and the direction of propagation of the long ocean wave. It is shown in the figures that the intensity of V V polarization is large than that of HH polarization and the corresponding distribution of intensity is in accordance with the distribution of ocean surface slopes.
As we know, SAR image of ocean scene is generated after the modulation of small-scale waves in space and time are indirectly obtained by SAR system. Spatial modulation is the stationary wave imaging mechanism of real aperture radar. Modulation in time is the effect of ocean wave movement to the SAR imaging, mainly V B modulation. Here we discuss the V B modulation on the RCS of Bis-SAR. The function of V B modulation can be expressed as the follow based on the geometry of Bis-SAR. Then the RCS of ocean surface for Bis-SAR model is calculated by linear modulation function [31] . (27) wherein, Figure 5 shows the distribution of RCS for Bis-SAR simulated by the CCSFM and V B modulation for 5 m/s in HH and V V polarizations respectively. The corresponding parameters are the same as Fig. 4 . It can be seen from the figure, the offsets of scattering points in the azimuth direction are non-uniform, because the velocity components in incident direction and scattering direction are nonuniform distribution along azimuth direction.
SIMULATION RESULTS
In order to verify the performance of the proposed method, Bis-SAR imaging simulation results on the ocean scene are taken for example. The simulation parameters of Bis-SAR are shown in Table 1 . And, in generating realizations of the Bis-SAR imaging simulations for the surface wave field, the JONSWAP form is used for growing Table 1 . Simulation parameters of Bis-SAR. windsea spectra and fully developed spectra with appropriate choice of parameters respectively shown as Table 2 [31]. The growing windsea surfaces with 500 × 500 m 2 are shown in Fig. 6 , in which the parameters are set as Growing windsea I and Growing windsea II for (a) and (b) respectively.
The corresponding AIR-SAR (Airborne-SAR) imageries of the ocean surface at V V polarization are shown in Figs. 7(a) and (b) . And, the corresponding SPA-SAR (Spaceborne-SAR) imageries of ocean surface at V V polarization are shown in Figs. 8(a) and (b) . The brightness in the imageries shows the scattering intensity per resolution cell, where the intensity is proportional to the surface height. It is shown that the azimuth resolution is degraded with the reduction of φ m for the same wind speed. However it is not so visible as the Mon-SAR. The change of R/V and λ and the related time of sea surface also affect the resolution of Bis-SAR. The image intensity of SPA-SAR is much greater than that of AIR-SAR. This is due to the incidence angle and scattering angle of SPA-SAR are relatively small, so the scattering coefficient is greater than that of AIR-SAR. In addition, the synthetic aperture of SPA-SAR is longer than that of AIR-SAR and the attenuation of electromagnetic field with distance is not considered in the simulation. polarization. And SAR imaging of ocean waves at V V polarization is better than that of HH polarization. This is because V V polarization has dominant mean Bistatic RCS of ocean scene over HH polarization and V V polarization has the same V B modulation as HH polarization under the same sea state and Simulation parameters of Bis-SAR. At the same wind condition, the intensity of SAR image for growing windsea is greater than that of developed sea surface. This is because, at the same wind speed, the fluctuations of growing windsea are slightly larger than that of developed sea surface and the overall fluctuations of developed sea surface are more uniform, which are in line with the natural laws of wind sea waves. These results are in accordance with that of observations [32, 33] . So it provides a theoretical basis for the application of Bis-SAR system in the marine scene.
CONCLUSIONS
In order to meet the development of Bis-SAR on ocean scene, the present paper extends current models on the imaging mechanism of ocean waves by monostatic SAR (Mon-SAR). Theoretical models for describing the imaging mechanism of ocean waves by Bis-SAR for low to moderate sea states are discussed in this paper. We investigate the bistatic scattering mechanism of the ocean surface by applying the CCSFM, when ocean surface waves are detected by Bis-SAR. In addition, V B modulation and degradation in resolution due to wave motions in the imaging process by Bis-SAR are investigated furthermore. The perfect Bis-SAR simulation results of ocean surface are obtained. This proposed algorithm modifies the available models of electromagnetic scattering and bistatic SAR imagery from large ocean scene, which provide a foundation for applied research and system design.
